Spatial-spectral interference is an effective way to characterize an unknown ultra-short pulse. The key of characterizing an unknown ultra-short pulse is to retrieve the dispersion. Considering that the spatial-spectral interference fringe is the equiphase line of different spectra in the space domain and that the phase difference between adjacent interferences is equal to 2π, we propose a novel method of dispersion retrieval for spatialspectral interference. The analytic expression is deduced and demonstrated by simulated experiments. This method has the advantages of intuitive principle, less calculation and simple process with no Fourier transform, which are beneficial for practical applications.
Introduction
Ultra-short and -intense pulses can produce extreme states of matter in the laboratory and therefore open a path to many research fields, such as fast ignition [1] , laser wake-field acceleration [2] , and astrophysics in laboratory [3] . In the past few years, many ultra-short laser facilities have been developed or are under construction all over the world, e.g., the multi-PW laser facility named CAEP-PW in China [4] , the 4.2 PW laser facility in Korea [5] , Apollon 10 in France [6] , Vulcan 10 PW in UK [7] , ELI-Beams in Czech Republic [8] and the Russian Exawatt Center for Extreme Light Studies (XCELS) project [9] .
To generate ultra-intense pulses, the techniques of Chirped pulse amplification (CPA) [10] and Optical Parametric Chirped Pulse Amplification (OPCPA) [11] are usually utilized in ultra-short laser facilities. During the stretching-amplification-compression process in CPA and OPCPA, a femtosecond (fs) pulse seeded by a mode-locked laser oscillator can be amplified to the petawatt (PW) peak power level. To achieve extremely high intensity, it is necessary to generate the ultra-short pulse with a near-Fourier-transform-limited duration. Several techniques are capable of characterizing ultrashort pulses, e.g., Spectral Phase Interferometry for Direct Electric-Field Reconstruction (SPIDER) [12], Frequency-Resolved Optical Gating (FROG) [13] , and Spectral Interference (SI). SPIDER requires a complex apparatus and a pulse shape-dependent delay calibration, while FROG requires that a large amount of data be processed by an iterative algorithm. Therefore, both techniques are usually applied to simple pulse measurement. Furthermore, both SPIDER and FROG involve a nonlinear process, which limits their application to ultra-weak pulses. SI, a linear technique, can be used to measure the spectral phase difference between two pulses as weak as 42 zeptojoules [14] .
As an improved version of SI, Spatial-Spectral Interference (SSI) [15] involves the spectral interference between two pulses crossing at a small angle. By integrating the interference in the spectral and spatial domains, SSI is easy to implement in practice. Moreover, SSI has the advantages of no sign ambiguity, no unwrapping operation, and high spectral resolution. Existing studies demonstrate that SSI is very useful for the dispersion control of a pulse compressor [16] , the complex pulse characterization [17] , the pulse shaper optimization [18] , and other applications. A. P. Kovács et al. [19] and our research group [20] show that the group delay (i.e. time delay) between incident pulses can be determined by measuring the slope of SSI fringe. To acquire the spectral phase information in SSI, P. Bowlan et al. [21] propose Fourier-filtering the SSI trace in the spatial coordinate, and then isolating the spectral phase-containing term. Considering that the SSI fringe is the equiphase line of different spectra in the space domain and that the spectral phase difference between adjacent interferences is equal to 2π, we propose a novel dispersion retrieval method for SSI. Using this method, the dispersion of an incident pulse is directly extracted in the presence of high order dispersion with no Fourier transform processing required. Fig. 1 shows the schematic of SSI. Two pulses, a signal pulse and a reference pulse, pass through a diffraction grating and a cylindrical lens with a crossing angle of 2θ. Then the optical frequencies of the two pulses are mapped at the focal plane of the cylindrical lens along the direction perpendicular to the grating grooves. The field along the parallel dimension, denoted as y, is not affected. The spatially and spectrally resolved interferogram is recorded by a camera placed at the focal plane of the cylindrical lens. The intensity I at a point (ω, y) can be described as
Theory
where ω is the angular frequency, k is the wave number, y is the spatial coordinate, I re f (ω) and I s ig (ω) represent the spectral intensities of the reference and signal pulses, respectively, and φ re f (ω) and φ s ig (ω) represent the spectral phases of the reference and signal pulses, respectively. When the reference and signal pulses are seeded by the same oscillator, their initial spectral phases are the same and are believed to be constant. Moreover, the reference pulse is usually a simple pulse with no dispersion. Consequently, the spectral phase difference between the two pulses can be expanded into Taylor's series up to the third order around the central angular frequency ω 0 as
where t is the time delay between the two pulses, the primes denote the derivatives with respect to ω, and φ and φ are the group delay dispersion and the third order dispersion of the signal pulse, respectively. Let (ω, y) = 2ky sin θ + φ s ig (ω) − φ re f (ω) represent the phase at the point (ω, y). Assuming that there are N points, p 1 , p 2 , . . . , p N , which are located in the same order interference region, it can be deduced that
where the superscript of −1 represents the pseudoinverse of a matrix, c is the speed of light in vacuum, and ω 1 , . . . , ω N are the angular frequencies at the N points. From Eq. (3), we can acquire the parameters of θ, t, φ , and φ . As a spatial carrier for the spectral information, the crossing angle between the two pulses determines the fringe spacing along the spatial direction. The time delay between the two pulses is determined by the optical path difference. φ and φ are the mainly characteristic parameters which determine the performance of the signal pulse.
With a value range of [−1, 1], the cosine term in Eq. (1) causes a periodic change of the SSI intensity. The phase difference between adjacent order interference regions is equal to 2π, which means that the phases at the points between the two adjacent bright (or dark) fringes are [0, 2π]. Although the exact values of 1 , 2 , . . . , and N are uncertain because of the uncertain interference order, the values of 1 − 2 , 1 − 3 , · · · , and 1 − N can be estimated by an equal interval sampling of the interferogram in the space domain. Fig. 2 illustrates how to estimate the phase difference at different points. Fig. 2(a) is a simulated interferogram of SSI for two pulses. After a two-valued operation, a series of bright fringes are listed, as shown in Fig. 2(b) . Two adjacent fringes are selected, denoted as the first bright fringe and the second bright fringe. Five points in the region between the two fringes are labeled as p 1 , p 2 , p 3 , p 4 , and p 5 . Taking the phase of p 1 for example, 1 = 2nπ + 2πM 11 /M 12 (n is the order of interference and is an integer), where M 12 is the spatial distance crossing the point between the two fringes. If increases in the positive direction of y, M 11 is the spatial distance between p 1 and the first bright fringe, while M 11 is that between p 1 and the second bright fringe if increases in the negative direction of y, as depicted in Fig. 2 (c) and Fig. 2(d) , respectively. The phases at the other points can also be acquired in this way. The five points are in the same interference order, which means that n is eliminated for the phase difference calculation. Hence, the exact value of n is not required. Fig. 3 shows the flow chart of the dispersion retrieval for SSI. There are four steps to follow. S1: Obtain the two-valued result of the SSI interferogram; S2: Select two adjacent bright fringes and N points that are located in the region between the two bright fringes, and record the angular frequencies ω 1 , ω 2 , . . . , ω N , and the spatial coordinates y 1 , y 2 , . . . , y N ; S3: Calculate the phase differences 1 − 2 , 1 − 3 , . . ., and 1 − N by an equal interval sampling of the interferogram in the space domain introduced in the above section; S4: Substitute the phase differences, the angular frequencies, and the spatial coordinates into Eq. (3) and acquire the dispersion parameters of the signal pulse. It should be noted that the change tendency of the phase (i.e., ) in the direction of the spatial domain (i.e., y) must be calibrated first. By analyzing the optical arrangement, specifically which pulse travels upward and which travels downward where the two pulses cross, the change tendency of the phase can be confirmed. It can also be tested by inserting a known standard film in the optical path. A minimum of five sampling points are required because there are four unknown terms θ, t, , 
and
. The more the sampling points, the higher the calculation accuracy. In Fig. 3 , looping steps S2 to S3 can be performed to select multiple adjacent bright fringes for additional sampling points. Of course, the dark fringes can also be selected instead of the bright ones.
SSI carries the spectral phase difference information between the incident pulses. In the above derivation, a reference pulse with no dispersion is assumed. In this case, the extracted dispersion originates only from the signal pulse. When the dispersion of the reference pulse is nonzero, it should be measured beforehand. Because the reference pulse is usually a simple pulse originating from an oscillator, it can be easily measured by SPIDER or FROG.
Simulation
To test the suitability of the above-mentioned method, two simulated experiments are performed. The following two examples show the retrieval of the parameters of t,
, and . Fig. 2(a) shows the simulated SSI interferogram for the conditions θ = 0.02 • , ω 0 = 2.3562e 15 rad/s (corresponding to the central lambda of 800 nm), t = −15 fs, = −88 fs 2 , and = 1400 fs 3 . The phase increases in the positive direction of y. We use the five sampling points in Fig. 2(c) to calculate the parameters of t,
, and . As shown in Table 1 , the angular frequencies of the sampling points are 2.35e 15 rad/s, 2.3921e 15 rad/s, 2.49e 15 rad/s, 2.6136e 15 rad/s, and 2.66e 15 rad/s, respectively, and their spatial coordinates are −1e −5 m, 3.5e −4 m, 6.2e −4 m, 6.5e −4 m, and 5.1e −4 m, respectively. The phase differences of 1 − 2 , 1 − 3 , 1 − 4 , and 1 − 5 are −1.345 rad, −1.3085 rad, −1.1202 rad, and −1.0648 rad, respectively. According to Eq. (3), the computed t, , and are −16.2 fs, −85.9 fs 2 , and 1437.6 fs 3 , respectively. Fig. 4(a) shows the simulated SSI interferogram for a set of different conditions: t = 80 fs, = 200 fs 2 , = −5000 fs 3 . The phase increases in the negative direction of y. We use the six sampling points shown in Fig. 4(b) to calculate the parameters of t,
, and . With reference to previous discussions, 1 = 2nπ + 2πM 11 /M 12 (M 11 , and M 12 are shown in Fig. 4(b) ). The phases at the other Table 2 , the computed t, and are 82.2 fs, 201.3 fs 2 , and −5095.3 fs 3 , respectively. It can be seen that the simulation results of Fig. 2 and Fig. 4 closely match the settings, verifying the suitability of this proposed method for dispersion retrieval. Because of the limited spatial resolution, imperfect two-valued SSI interferogram, and finite sampling points, the simulation results are not exactly the same as the settings.
In practical applications, the SSI interferogram is usually affected by the inevitable noise, nonuniform near-field arrangement of the pulse, imperfect surface of the optics, and so on. In this Fig. 4 condition, the local region of the SSI interferogram which is less affected should be selected to perform the calculation.
Conclusion
In this paper, we present a novel method of dispersion retrieval for SSI. The analytic expression is deduced based on the SSI fringe being the equiphase line of different spectra in the space domain. Two examples are simulated to demonstrate the suitability of this proposed method. With the advantages of intuitive principle, less calculation and simple process with no Fourier transform, this method is applicable to the dispersion measurement and control for achieving near Fouriertransform-limited ultra-short pulses, coherent combination of multiple ultra-short pulses, and other applications.
